The hepatoprotective effect of interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) has been well documented. However, reports on the role of IL-6/STAT3 in liver regeneration are conflicting probably due to the fact that the model of Stat3 knockout mice were complicated with obesity and fatty liver, which may cause some secondary effects on liver regeneration. To study the direct role of STAT3 and to circumvent the problems of obesity and fatty liver in liver regeneration, we generated conditional STAT3 knockout in the liver (L-Stat3 À/À ) using a transthyretin-driven Cre-lox method. The L-Stat3 À/À mice were born with the expected Mendelian frequency and showed no obesity or other obvious phenotype. After partial hepatectomy, mortality in the L-Stat3 À/À mice was significantly higher than the littermate Stat3 f/ þ controls in the early time points (o24 h). Hepatocyte DNA synthesis in the survived L-Stat3 À/À mice slightly decreased as compared with Stat3 f/ þ mice at 40 h after partial hepatectomy, whereas similar hepatocyte DNA synthesis was found at other time points and liver mass could be completely recovered in the L-Stat3 À/À mice. In another model of liver regeneration induced by subcutaneous injection of carbon tetrachloride (CCl 4 ), hepatocyte DNA synthesis in the CCl 4 -treated L-Stat3 À/À mice also decreased as compared with Stat3 f/ þ mice at 40 h after injection but not at other time points. In addition, infiltration of neutrophils and monocyte increased in the liver of CCl 4 -treated L-Stat3 À/À mice compared to wild-type mice. In conclusion, STAT3 is required for survival in the acute stage after 70% hepatectomy and plays a role in inflammatory reaction after hepatocyte necrosis. However, the hepatocytic STAT3 may have limited role in liver mass recovery although DNA synthesis may be impaired.
The liver is the only organ that has the ability to regenerate after massive loss of tissue mass induced by partial hepatectomy (PH) or toxic injury. The regeneration is achieved by the remaining hepatocytes that are normally quiescent in the healthy liver, but have the capacity to proliferate after liver damage for restoring the liver mass within 7-10 days. 1, 2 In the past years manifold studies implicated important roles of different cytokines and growth factors for hepatocyte proliferation, such as insulin, glucagon, epidermal growth factor (EGF), hepatocyte growth factor, transforming growth factor-b, fibroblast growth factor, interleukin-6 (IL-6) and tumor necrosis factor-a.
1,2 Studies using knockout mice lacking either type I tumor necrosis factor receptor I or IL-6 showed a defect in liver regeneration, underlining the importance of these cytokines in vivo. 3, 4 However, increasing evidence suggests that IL-6 plays more important role in protection against liver injury, and only a minor role in liver regeneration. 5, 6 Several transcription factors are activated shortly after PH or toxic liver injury, including NF-kB, signal transducer and activator of transcription 3 (STAT3), AP-1 and C/EBP. 4, [7] [8] [9] [10] STAT3 belongs to the STAT family of transcription factors which consists of at least seven members in mammals. 11 STAT3, initially named acute-phase response factor, was shown to be activated by all members of the IL-6 family, including IL-6, IL-11, oncostatin M (OSM), leukemia inhibitory factor, cardiotropin 1 and ciliary neutrophic factor. The targeted disruption of Stat3 leads to early embryonic lethality, indicating an essential function of Stat3 in embryonic cell growth. 12 In the liver, activation of STAT3 by IL-6, its related cytokines, and IL-22, plays an important role in acute-phase response and hepatoprotection. [13] [14] [15] [16] [17] [18] [19] Early data showed that STAT3 increased after PH but it was not just associated with the regenerative phase. 20 Later Li et al 21 reported that hepatocyte DNA synthesis at 40 h posthepatectomy in Alb( þ ) Stat3(fl/fl) livers was reduced to approximately one-third of the control. Recently, in the study using the Alb( þ ) Stat3(fl/fl) mice, Haga et al 22 concluded that PI3-K/Akt-mediated responsive hepatocellular hypertrophy may be essential for liver regeneration following hepatectomy and sufficiently compensated liver regeneration in STAT3-deficient liver. These elegant studies explored the role of STAT3 in liver regeneration and suggested that hepatocellular hypertrophy may be essential for liver regeneration following hepatectomy in STAT3-deficient mice. 22 Because hypertrophy or increase in cell size is largely a metabolic event, rather than a regenerative process, which involves cell division, the role of STAT3 in liver regeneration need to be further defined especially when the animal model was complicated with obesity and fatty liver, 22, 23 which might cause some secondary effects on liver regeneration. 24, 25 In this study we describe the generation of a strain of lean mice with liver-STAT3 deficiency and show direct roles of STAT3 in liver injury and regeneration.
MATERIALS AND METHODS Animals
All mice were maintained according to the criteria outlined in the guide for the care and use of laboratory animals published by the National Institutes of Health. Experiments using mice were approved by Yale Animal Care and Use Committee and Institutional Animal Care and Use Committee of Indiana University Medical School.
Generation of Transgenic Mice Expressing Cre
Recombinase in Liver Vector TTR1ExV3, which contains the upstream transcriptional regulation region, the first exon and intron, and a partial second exon of the transthyretin (Ttr) gene, 26 was digested with StuI ( Figure 1a) . A fragment containing the opening reading frame (ORF) of the Cre gene was recovered from the mammalian expression vector pBS185 (GIBCO BRL) by digestion with XhoI and MluI and inserted into the StuI site of TTR1ExV3 to get the final construct pTtr-Cre. Plasmid pTtr-Cre was digested with HindIII to generate a transgene fragment, which was isolated by agarose gel electrophoresis. The purified transgene fragment was injected into fertilized eggs as described previously. 27 Six Ttr-Cre transgenic founders were identified by PCR and crossed with mice carrying a DNA polymerase b-allele containing two loxP sites to examine the efficiency and tissue specificity of Cre-dependent deletion (Figure 1b) . Strain Ttr10-3 shows Cre recombinase activity specifically in liver and digestive tissues (Figure 1c ).
Generation of Stat3
flox Mice Genomic clones containing the SH2 domain of the murine Stat3 gene were isolated from a 1Fix II murine 129/Sv genomic library by screening the library using the StuI-ScaI fragment of the murine Stat3 cDNA as a probe. Six-phage clones containing SH2 domain sequences of the murine Stat3 gene were identified. A loxP site coupled with a HindIII restriction site was introduced into intron 20 of pBS-1-A by insertional mutagenesis (Construct I). Because introns 18 and 19 are too short to introduce another loxP site without regard to interference of splicing, we produced a BglII restriction site in intron 17 of pBS-1-B by site-directed mutagenesis and inserted a neomycin-resistance gene cassette (neo r ) flanked by two loxP sites into the BglII site (Construct II). An HSV-thymidine kinase gene cassette (HSV-tk) was inserted into the SpeI site of pBS-1-C to get Construct III. A SmaI fragment was excised from Construct I and inserted into the SmaI site of Construct II to get Construct IV. A Kpn2I-SalI fragment was excised from Construct III and inserted into the Kpn2I-SalI site of Construct IV to get the final construct, pNT-Stat3.
The W9.5 embryonic stem cell line was cultured as described. 28 Embryonic stem cells were electroporated with 25 mg of SalI-linearized pNT-Stat3 per 1 Â 10 7 cells and grown under double selection as described. 28 To identify ES cells carrying a homologous recombination of the targeting fragment, genomic DNA was isolated and digested with HindIII and analyzed by Southern blot with probe A. Three clones with 4.8 Kb bands were found and micro-injected into blastocysts of C57BL/6 mice to generate chimeric mice.
Genotype Analysis
Three different primer pairs were routinely used to detect the Stat3 flox and Stat3 D alleles and the inserted Cre gene by PCR analysis. The Stat3 flox allele was detected using primers 1 (5 0 -ATTGGAACCTGGGACCAAGTGG) and 2 (5 0 -ACATGTACT TACAGGGTGTGTGC), which amplified a 520-bp fragment, while Stat3 wild-type allele gave 480-bp fragment. The Stat3 D allele was detected as a 480-bp fragment with primers 1 and 3 (5 0 -GCTGGCTCATAGGCAAAAACAC). The Ttr-Cre transgene was detected using the primers 5 0 -CCAGCTAAACATGC TTCATCGTCGTC and 5 0 -ATTCTCCCACCGTCAGTACGT GAG, which amplified a 300-bp fragment.
Isolation of Hepatocytes
Hepatocytes were isolated by in situ perfusion as described previously 29 with minor modifications. Briefly, livers were perfused with EGTA (0.5 mM) and collagenase (0.15 g/l) via the inferior cava. Following perfusion, the dissociated liver was minced and suspended in HBSS solution. Cells were centrifuged twice at 500 g and hepatocytes were separated by centrifugation through a Percoll layer. Cells were counted and plated onto +10 cm dishes with 2 Â 10 6 cells.
PH and CCl 4 Injection
Seventy percent hepatectomy (PH) was performed on
flox/ þ and Stat3 flox/D ) under Ketamine (100 mg/kg) and Xylazine (10 mg/kg) anesthesia by ligating and removing the left lateral and median two lobes of the liver, including the gallbladder. Sham-operated mice underwent mid-ventral laparotomy without excision of the liver. The remnant livers were harvested between 1 h and 1 month after PH according to designed experiments. Liver tissue was immediately frozen in dry ice or placed in 4% paraformaldehyde in PBS for paraffin embedding.
For CCl 4 -induced liver injury, 3 ml/kg of 50% CCl 4 (Sigma Chemical Co., St Louis, MO, USA) was injected with sterile olive oil subcutaneously. Free access to food and water was allowed after injection.
BrdU Labeling and Histological Staining
BrdU (Sigma Chemical Co.) was injected into the peritoneum at a concentration of 50 mg/g body weight. The animals were sacrificed 2 h after injection. The liver was immersed in Tissue-Tek s OCT compound (Sakura Finetek USA, Torrance, CA, USA) and snap frozen in acetone cooled with dry ice. The liver was sectioned with a cryotome and fixed in acetone for 15 min. Labeled cells were localized with an antiBrdU monoclonal antibody (Sigma), using routine indirect immunoperoxidase staining. For hematoxylin and eosin (HE) staining, the sections were prepared using the method above and sent to Yale Pathological Services for the staining.
Tissue Extraction and Immunoblotting
Tissues were homogenized in whole-cell extraction buffer (400 mM KCl, 10 mM NaHPO 4 , 1 mM EDTA, 1 mM dithiothreitol (DTT), 10% (w/v) glycerol, 1 mg/ml aprotinin, 1 mg/ ml leupeptin, 1 mg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM NaF and 1 mM Na 3 VO 4 ). After centrifugation at 14 000 r.p.m., the supernatant was collected, and protein concentration was quantified (BCA kit, PIERCE). Ten-micrograms of protein were separated by SDSpolyacrylamide gel electrophoresis and then transferred to Immuno-Blott polyvinylidene difluoride membrane (Bio-Rad). After blocking with 5% nonfat milk in washing buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA and 0.1% (w/v) Triton X-100, pH 8.0), the membranes were soaked in the indicated antibodies, followed by soaking in anti-rabbit or anti-mouse IgG coupled with horseradish peroxidase and visualized by using SuperSignal s Chemiluminescent Substrate (PIERCE).
Preparation of Nuclear Extracts from Whole Cells and Tissue
Nuclear extract preparation was performed as described previously. 20 Briefly, hepatocytes or liver tissue were washed with PBS and homogenized in buffer A (0.32 M sucrose, 10 mM HEPES (pH 7.9), 25 mM KCl, 0.2 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM DTT, 1 mM Na 3 VO 4 , 1mg/ml leupeptin, 2 mg/ml aprotinin and 1 mg/ml pepstatin). The homogenates were mixed with buffer B (buffer A plus 2 M sucrose) and ultracentrifuged at 20 000 r.p.m. for 50 min at 41C. Pellets were resuspended in 50 ml nuclear extraction buffer A (10 mM HEPES (pH 7.9), 25 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 20% glycerol, 0.5 mM PMSF, 1 mM DTT, 1 mM Na 3 VO 4 , 2 mg/ml leupeptin, 2 mg/ml aprotinin and 2 mg/ml pepstatin). Fifty microliters of lysate buffer (extraction buffer A plus 815 mM KCl) was added and the samples were incubated on ice for 30 min. After centrifugation at 1400 r.p.m., the supernatants were collected and protein concentrations were quantified.
Electrophoretic Mobility Shift Assay
Tissue or cell extracts were obtained as described above. Ten microgram of whole cell or 1 mg of nuclear extract was mixed with 5
0 -end 32 P-labeled m67-SIE probe (0.1 ng) in buffer containing 13 mM HEPES (pH 7.9), 185 mM NaCl, 0.15 mM EDTA, 8% glycerol, 1 mg of single-stranded DNA and 1 mg poly (dI-dC), and incubated for 20 min at room temperature. DNA-protein complexes were separated on 5% nondenaturing polyacrylamide gels in 0.5 Â Tris-Borate-EDTA buffer and detected by autoradiography.
Statistical Analysis
Data are presented as mean7s.d. The difference was analyzed by a paired Student's t-test. Data in a time cause experiment were tested by ANOVA. Probability less than 0.05 was considered to be significant. 27 The Ttr-Cre transgene was generated by inserting the Cre coding sequence into the second exon of a Ttr expression vector previously used to drive transgene expression in the liver (Figure 1a) . 27 To examine the efficiency and tissue specificity of Cre-dependent deletion, Ttr-Cre transgenic mice were crossed with mice carrying a DNA polymerase b-gene (polb) in a floxed (polb F ) germline configuration. DNA from adult offspring was subjected to Southern blot analyses using polb-specific probe (Figure 1b) . Deletion of the floxed DNA segment resulted in removal of the promoter and first exon of polb, leading to the generation of a 3.5 kb band. As expected, one line (Ttr19-1) showed a liver-specific recombination of the loxP sites with a deletion efficiency of 50% (data not shown). Such mosaic expression in adult liver was also observed in p53 dominant-negative transgenic mice with the Ttr promoter. 30 Another line, Ttr10-3, directed deletion of the loxP sites in pancreas, gut and gallbladder in addition to liver, with efficiencies of 100, 50, 50 and 95%, respectively (Figure 1c ). TTR has recently been shown to be expressed in pancreas 31 and fetal gut.
RESULTS

Generation of Transgenic
Mice Expressing Cre Recombinase Specifically in Liver To elicit targeted expression of Cre in liver, we used transcriptional regulatory sequences from the Ttr promoter. The Ttr gene encodes for the liver-specific TTR, a serum thyroid or vitamin A carrier produced in hepatocytes.
32,33
Generation of Stat3 Conditional Knockout Mice To overcome the embryonic lethality of Stat3 gene disruption, we generated tissue-specific Stat3 knockout mice using the Cre-loxP recombinase system. For this purpose we created a conditional Stat3 gene allele (Stat3 
Generation of Mice Lacking Stat3 Specifically in Liver and Digestive Tissues
In order to obtain a more complete deletion of the Stat3 gene in liver, we decided to use strain Ttr10-3 which shows high Cre recombinase activity in liver and pancreas (Figure 1c ). To confirm this, Ttr10-3 strain mice were bred with homozygous Stat3 flox/flox mice. Samples of liver tissue and tails were extracted and Southern blot was performed to visualize the different Stat3 flox alleles with probe B (Figure 2c ). Recombination between the flox sites in the Stat3 gene was only found in liver and not in the tail, indicating a tissue-specific deletion of the Stat3 allele.
We continued this strategy to obtain complete deletion of the Stat3 gene. The Ttr10-3 strain was crossed with heterozygous Stat3 D/ þ mice to generate Cre þ ; Stat3 D/ þ mice. The mice were bred with homozygous Stat3 flox/flox mice to generate Cre þ ; Stat3 flox/D mice with liver-specific Stat3 deletion (L-Stat3 À/À ). Cre þ ; Stat3 flox/D mice were born with the expected Mendelian frequency, demonstrating that the absence of Stat3 in liver did not lead to embryonic lethality in these mice. All mice reached adulthood and showed no reduction in life span for up to one and a half years. The liver weight/ body weight ratio was not altered in L-Stat3 À/À mice (5.570.44%) in comparison to Stat3 f/ þ mice (4.970.25%). Histological examination of liver sections showed no obvious differences in L-Stat3 À/À mice in comparison to sections obtained from Stat3 f/ þ mice (data not shown).
Biochemical Evidence of STAT3 Deletion in the Liver
To examine the level of STAT3 protein in different tissues, we performed Western blot analyses. As shown in Figure 3a , (Figure 3b) . We further analyzed the activation of STAT3 after EGF and OSM treatment, since EGF and OSM stimulate phosphorylation and DNA-binding activity of STAT3 in isolated hepatocytes. Electrophoretic mobility shift assay (EMSA) analysis, using the specific m67-SIE binding site as probe, showed the typical formation of DNA-binding complexes consisting of STAT3 and STAT1 homodimers and STAT1/STAT3 heterodimers in extracts from hepatoctyes of C57BL/6 mice after treatment with EGF or OSM, whereas in STAT3-deficient hepatocytes, EGF and OSM treatment failed to induce STAT3 DNA complexes (Figure 3c ). However, activation of STAT1 was not impaired in these mice. All the results provide evidence that we have obtained mice lacking functional STAT3 protein in the liver without obesity (Figure 3d ).
Survival Rates and Liver Regeneration after PH in
) and Control Mice The mortality rate after PH was significantly higher in L-Stat3 À/À mice (Line 10-3) (35.3%) than in Stat3 f/ þ mice (5.5%) in the first 12 h after PH (Table 1) . Nevertheless, the mortality rate 424 h after hepatectomy was not significantly increased in L-Stat3 
Liver Regeneration after CCl 4 Injection
The mortality rate after CCL 4 injection was not significantly increased in L-Stat3 À/À mice ( Table 1) . As indicated in Figure  5a different time points after PH, we performed EMSA analysis. As observed in previous studies, STAT3 is strongly activated within 1 h after PH, and the activation persists beyond 8 h (Figure 6a ) in the wild-type mice. On the other hand, the induction of STAT1-binding activity at 3 and 8 h after PH is strongly upregulated in liver extracts of STAT3-deficient mice and still detectable after 24 h (Figure 6a ).
DISCUSSION
Cre Recombinase Expression and Conditional Knockout of Stat3 in the Liver and Digestive Tissues To elicit targeted expression of Cre recombinase in the liver, we used transcriptional regulatory sequences from the liverspecific Ttr (encodes for TTR) promoter fused to the Cre ORF to generate transgenic mice (Figure 1a) . The Ttr minigene used to drive Cre expression in these experiments has been shown in previous studies to yield nearly the same gene expression pattern as that of the endogenous Ttr gene. 27, 34 Namely, in the adult, the transgene and the endogenous gene are expressed in hepatocytes, 26, 27, 30 brain choroid plexus epithelium, retina pigment epithelium and pancreatic islets. 31 Expression of the Ttr minigene in brain choroid plexus epithelium, however, was shown to require many transgene copies while liver expression is copy number independent. 27 The Ttr10-3 Cre line used in this study shows no Cre recombinase activity in the brain (not shown), whereas Cre-dependent recombination could be detected in the liver, pancreas and intestine (Figures 1c and 3a) .
We created conditional knockout of Stat3 in the mouse liver (L-Stat3 À/À ) under the control of Ttr promoter. Unlike liver-specific knockout of Stat3 driven by albumin promoter, 23 our L-Stat3 À/À mice had neither obesity (Figure 3d ) nor fatty liver (Figure 4d ). Although the reason for the difference between these two strains of Stat3-deficient mice is unclear, we believe the Ttr-Cre-driven L-Stat3 À/À mice are suitable for asking the question about the primary role of STAT3 in liver regeneration because this model makes it possible to circumvent the problems of obesity and fatty liver, which may cause some secondary effects on liver regeneration. 24, 25 STAT3 is Required for Survival in the Acute Stage after PH The death rate in the L-Stat3 À/À mice was 6.4-fold of the Stat3 f/ þ within 24 h after PH (Table 1) . We noted that a recent work demonstrates STAT3 contributes to mitogenic activity of hepatocyte after PH. 21 Unfortunately, animal mortality in that work is unknown. In the present study, the increased mortality in the L-Stat3 À/À mice could not be due to surgical failure because the rate in Stat3 f/ þ mice was 5.5%, indicating that the operation per se was acceptable. It is known that damages to the liver, including trauma and infection, evoke a rise in the so-called acute-phase proteins in plasma, which are essential for survival after liver injury. 35 This acute-phase response is impaired in both IL-6 4 and STAT3 15 deficient animals. It is most likely that the L-Stat3 À/À mice failed to survive after the PH because there was a disturbance in the acute-phase response, which is fundamentally dependant on STAT3. 15 Limited Role of STAT3 in Restoration of Liver Mass and DNA Synthesis after PH and CCl 4 Injection To our surprise, the survived mice lacking STAT3 in hepatocytes could restore the liver mass after PH (Figure 4c ) although DNA synthesis in L-Stat3 À/À mice was slightly decreased (20.6%) at 40 h after PH, as measured by BrdU incorporation (Figure 4a and b) . The decrease in DNA synthesis in the L-Stat3 À/À mice was not as dramatic as that in the mice deficient for IL-6, which show over four-fold reduction in Brdu incorporation, 4 implicating that hepatocyte proliferation does not rely exclusively on STAT3 and there might be compensatory mechanisms for hepatocyte STAT3. We also examined cell death and liver regeneration in the L-Stat3
À/À mice after CCL 4 injection. CCl 4 did not induce a more severe necrosis in the L-Stat3 À/À mice (Figure 5a and b), probably due to the nonspecific toxic property of CCL 4 
. L-Stat3
À/À mice could survive (Table 1) À/À mice after 14 days of CCL 4 injection (not shown). These data suggest that the role of STAT3 in liver mass recovery and DNA synthesis of lean mice might be 'shrunken' compared with those in the obese mice, which had 3-to 5-fold reduction of mitotic cells in the Alb-Cre-driven Stat3 deletion. 21, 22 One possible explanation for the limited role of STAT3 in liver regeneration could be a substitution of STAT3 function by another member of the STAT family. For example, we could detect a strong activation of STAT1 in whole-liver extracts from mice lacking STAT3 in hepatocytes 3 and 8 h after PH, whereas in control mice only STAT3 was activated (Figure 6a ). IL-6 is known to activate not only STAT3 but also to a lower extent STAT1. STAT1 can bind at two of the four STAT3 binding sites with a lower affinity. It is possible that in mice lacking STAT3 in hepatocytes IL-6 can activate STAT1 which substitutes for the function of STAT3 in liver regeneration. Studies using STAT1/STAT3 double-deficient mice in the liver are necessary to prove this hypothesis.
Inflammatory Infiltrates in the Regenerating Liver of L-Stat3
À/À Mice It is known that STAT3 in the immune organ is required to inhibit inflammation. 36 In our study, neutrophil and monocyte infiltration was found in the liver of CCl 4 -treated L-Stat3 À/À mice (Figure 6b ). The mechanism for the increased inflammation is unclear but it seems that the inflammatory infiltrates was due to the lower level of STAT3 in the extra-hepatic organ of the L-Stat3 À/À mice. These data may have clinical implication due to the fact that in a human with Stat3 gene dysfunction, which tends to be generalized and not restricted to the liver, the inflammation may even more severe because of the failure of inhibition of inflammation by STAT3 in extra-hepatic immune system.
CONCLUSION
Taken together, the data of the present study provide evidence that STAT3 is required for survival in the acute stage after 70% hepatectomy. After the acute stage, STAT3 plays a limited role in DNA synthesis and liver mass recovery in lean mice. In addition, exaggerated inflammatory reaction exists after hepatocyte necrosis in STAT3-deficiency mice. The recognition that STAT3 deficiency is related to the increased mortality and inflammation is expected to develop clinical management against the STAT3 inefficiency to increase survival chance in liver injury.
